Synchrotron radiation photoemission results for metals on intentionally misoriented molecularbeam epitaxy GaAs( 100) surfaces reveal an orientation-dependent interfacial chemistry and Schottky barrier heights at low temperature (90 K). Previous measurements for different metals on aligned GaAs( 1(0) surfaces show a Fermi stabilization energy range of 0.95 eV. However, for Au and Al on 2° misoriented specimens, narrower ranges are observed: 0.65 eV for GaAs surfaces cut towards [110] and 0.45 eV for surfaces cut towards [111] with either Ga or As dangling bonds perpendicular to the step edges. The decrease in the range of the Fermi level stabilization energies is mainly due to the increase in Schottky barrier heights for Al contacts on misoriented specimens, where a more pronounced interface reaction is observed. Our results indicate that the observed degree of chemical reaction and diffusion increases.in the order of GaAs ( 1(0) 
I. INTRODUCTION
Metallsemiconductor contact electronic properties have been a subject of intensive study due to both technological and fundamental interests.1.2 Past work on the subject has indicated that junction electronic barrier heights are insensitive to the condition of the interface. For example, metals on melt-grown GaAs [such as liquid-encapsulated Czochralski (LEC)] consistently produce Fermi level pinning near the mid gap. Only in the last few years, dependence of the junction electronic barrier height on the metal work function has been observed, accompanied by the increase of chemical and structural perfection of semiconductors.
3 Recent work has shown that chemically suppressed, abrupt junctions (formed at reduced temperature,less than 100 K) incorporating high-quality GaAs [molecular-beam epitaxy (MBE) ] in a ultrahigh vacuum (UHV) environment can exhibit a near-ideal Schottky behavior.4-6 Deviation from the ideal behavior can occur at room temperature where interface chemical interactions are pronounced; this degradation produces extrinsic states. Comparison of low temperature versus room temperature interfaces serve to indicate a role of the interface chemical conditions in the electronic barrier behavior.
In this paper, we present a soft x-ray photoemission spectroscopy (SXPS ) study of metals on in ten tionall y misoriented-GaAs( 100) interfaces. We examine specifically the effect of steps on the interfacial chemistry and the electronic barrier height. Our results show that the chemically active sites created by the misorientation of the surface can modify electronic properties from a near-ideal case obtained for oriented MBE-GaAs specimens.
II. EXPERIMENTAL PROCEDURE
All MBE-GaAs( 1(0) specimens used in this experiment were n-type (5x 10 15 fcm 3 , Si), 7500 A thick, grown on GaAs substrates (Sumitomo Electric). The misoriented specimens were grown on staircase-like ChAs( 100) surfaces, which have been cut 2° off axis toward three different crystal directions: [110 ] uncertainty in orientation of the substrate was ± 0.1°. All specimens were capped with> 1000-A As prior to the removal from the MBE system and then stored in a N2 environment. Thermal cleaning ofthe surface in UHV involved a number of ramped anneals up to 570°C and produced a clean, ordered surface. Pressures during metal deposition were 2X 10~ 10 Torr for Al and 6X 1O~ 10 Torr for Au. A quartz crystal oscillator measured the thickness of the overlayer. A closed-cycle He refrigerator provided the cooling for the specimen ( ~ 90 K as measured by a thermocouple).
We performed SXPS experiments using synchrotron radiation generated by the 1-GeV storage ring at the University of Wisconsin, Madison, Wisconsin. We examined bulk (surface) sensitive energy distribution curves (EDCs) for As 3d and Ga 3d core levels using photon energies of 60 e V (100 eV) and 40 eV (80 eV), respectively. Comparison of bulk versus surface sensitivity spectra enabled separation of the band bending from the chemical shifts of each core level. We employed valence band (VB) spectral features and the Ga 3d to As 3d core level intensity ratio to determine the quality and the stoichiometry of the thermally-cleaned surface.
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No evidence of free Ga was observed for these surfaces. The rigid core level shifts and the initial Fermi level (E f ) Fig. 1 (e) shows and EDC for the Ga 3d from the 5-P... AlIGaAs( 110) interface taken at a different photon energy with similar probing depth.8 All EDCs are normalized to the same peak heights to emphasize line-shape changes. Zero on the binding energy scale is the Ga 3d position from the initial clean surface. These spectra have been compensated for band bending shifts. Results of the deconvolution of the Ga 3d spectra are presented by the dashed lines, which reveal the familiar components of the substrate Ga plus an additional component at lower binding energy due to dissociated Ga embedded in Al overlayer. A 5-P... AI deposition has a marginal effect on the Ga 3d core for the oriented substrate. For the (100)2°- [ 110] surface, the Ga 3d dissociated component is clearly visible, whose relative magnitude with respect to the substrate is comparable to what is observed for the Al/GaAs ( 110) Ga 3d core intensities attenuate rapidly for the (100) surface as a function of Al coverage. This attenuation rate decreases from the (100) surface, to the ( 100) 2°· [ 110] , to the (100)2°·[ III ]A, and then to the (100)2°·[ 111]B. The As 3d core level intensity attenuates rapidly as a function of Al coverages for all systems. EDCs of the As 3d core exhibit minimal line-shape changes upon Al deposition for all MBE specimens. EDCs of the AI 2p core reflect interface bonding in the submonolayer regime.
We also do not observe major line-shape changes upon Au deposition on the various MBE specimens mentioned. An increase in out·diffusion in the order of (100), (100)2°.
[110], (l00)2°-[1l1]A, and (100)2°-[1l1]B is evident in the attenuation of both Ga and As 3d core intensities. Figure 2 depicts the E f movement referenced to the VBM as a function of metal coverages observed for Al and Au interfacing with MBE GaAs( 100) and its vicinal surfaces. The table inset defines the symbols for each metal/MBEGaAs system. The starting positions of E f are at 1.2-1.3 eV above VBM, independent of the orientation of the initial surface. For all systems, no additional band bending is observed up to 1 P... of metal coverage, consistent with previous studies on metallMBE-GaAs( 100) junctions at low temperature.
B. Orientation-dependent Fermi level stabilization energy range
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(100) The range of E f positions determined by the two metals is 0.9-0.95 eV. E f movements due to Au deposition on vicinal surfaces differ slightly from the on-axis system. For all three misoriented GaAs( 100) junctions, the E f -EVBM = 0.3-0.325 eV for Au. In contrast, Al on misoriented GaAs( 100) surfaces produces significant changes in band bending with respect to the oriented specimens. We observe The rapid and similar attenuation of the As 3d core intensity for all systems rules out significant effects due to island formation. For the Al/GaAs interface, a replacement reaction with AlAs and dissociated Ga as reaction products is thermodynamically favorable and widely observed. 7,9 For surfaces in the above sequence, we obtain ratios of the dissociated Ga 3d peak to the substrate Ga 3d peak of 0, 15, 0.30, 0,85, and 1.44 respectively.
The reconstruction ofGaAs( 100) vicinal surfaces are not known. However, our photoemission data show that the normalized Ga 3d to As 3d intensity ratio for the misoriented surfaces is within 10% of that obtained for the (100) surface, which represents a Ga-rich surface.4--7 Scanning tunneling microscopy studies of the MBE-GaAs ( 100) surface shows a Ga-rich reconstruction when the specimen is heated to about 550°C. \0 Assuming our starting surfaces are Ga-terminated, we illustrate in Fig. 3 (a )-3 (c) 
GaAs ( Compared to the LEC-(1lO) surface, our results show that the oriented MBE-( 100) surface appears more stable than the cleaved LEC-( 110) surface against reaction with AI. The ratio of the dissociated Ga 3d peak to the substrate Ga 3d peak shown in Fig. 1 for the (110) surface is 0.36, a value comparable to that from the MBE-( 100)2°-[ I 10] surface (0.3) but significantly higher than that from the MBE-( 100) surface (0. I 5). Anderson et al. 11 have shown that the Al growth on the (110) surface at 60 K appears uniform. Thus the AIIMBE-( 100) and the Al/LEC-( 110) interfaces are different mainly in the extent of the interfacial reaction. For the thermally treated ( 100) surfaces used in our studies, it is reasonable to expect an As-deficient surface. Larsen and Chadi 14 have proposed that stable GaAs( 100) surfaces consist of a larger ordered surface fraction of As vacancies, with dimer ordering of the remaining surface atoms, and a much larger energy gap. In contrast, the reconstructed GaAs ( 110) surface is less likely to persist under a metallic layer. IS
B. Band banding
Slight misorientations of the GaAs substrate produce large changes in the range of E j stabilization energies at metallGaAs junctions, as demonstrated by Fig. 2 . The decrease in the E j stabilization energy range appears to correlate with the increase in the atomic density of active sites on the vicinal surfaces. These sites influence the extent of the interfacial reaction, which is capable of creating electrically active sites at the interface, moving E f further toward the mid gap for Al interfaces. Metal-induced extrinsic interface states have been observed previously. 6, 16, 17 The in variance of the E f position with respect to the substrate orientation at the initial clean surface and in the lowcoverage regime can be explained by photo voltaic charging due to the photoemission process. M. H. Hecht has recently suggested IS and we have subsequently confirmed 19 that such effects can be considerable at low temperatures. At high coverages, however, such charging can be shorted out by the metallization of the surface. In this study, the matching of the E f of the interface with that of the spectrometer and the uniform growth of the metal overlayer rule out the possibility of significant photovoltaic charging at high metal coverages.
Using Duke and Mailhiot's20 self-consistent electrostatic calculation, one can establish a relationship between the junction electronic barrier height and the density of electrically active sites at the interface. In Fig. 4 , we show the result of the calculation to account for barrier heights at Au and Al on misoriented surfaces versus the metal work function. The interface charge states are acceptors at 0.2 and 0.8 eV above the VBM. The density of the 0.2 eV acceptor state is 3 X 1013 /cm 2 and the density of the 0.8 eV acceptor state is allowed to vary in order to produce the series of plots shown. States at these energies have been observed previously by using cathodoluminescence spectroscopy (CLS). 6.16 Although there are numerous speculations about the physical origin of deep levels in GaAs,21 both SXPS 5 and CLS 6 . 16 suggest that excess As at the interface is associated with the 0.8 eV level. The family of curves depicted in Fig. 4 also describes the barrier height-work function relationship for previous SXPS results of metals on room temperature MBEGaAs(100) surfaces. at metalloriented GaAs( 100) interfaces. For misoriented specimens, the Au barrier heights increase slightly from that obtained for the oriented specimen, which is consistent with the formation of the 0.2 eV acceptor state.
Accounting for the increase in Al barrier heights requires the formation of different densities of the 0.8 eV acceptor state. Figure 4 indicates that at least I X 1013 /cm 2 states are required to produce the 0.6 eV barrier height observed at the AlIGaAs(100)2-(110) interface. The density of the stepinduced chemically active sites on the (100)2°-[ 110] surface (2.18 X 10 13 1cm
2 ) can well account for this value. In such a case, the number of chemically active sites are comparable to that of electrically active sites. A density of greater than 5 X 1013 /cm 2 is required to produce the 0.75-0.77 eV barrier height obtained at AlIGaAs( 100)2°_[ 111] interfaces. However, the density of the step-induced chemically active sites on the (100)2°-[111] surface (3.09x10 13 /cm 2 ) is lower than what is needed. Thus, proportionally more states appear to result in this case. In other words, extended chemical reactions can induce additional states in the gap at the interface. We have shown and discussed the sensitivity ofthe 0.8 eV state to the interfacial chemical activity previously. 16 Our results indicate that the interplay of the surface imperfections and the extent of the interfacial reaction maximize the effect on the interface electronic behavior.
The dependence of the Schottky barrier height on the interfacial chemistry and the perfection of the substrate surface shed some light on several controversies. (1) The sensitivity of the AlIGaAs ( 100) interface to the surface perfection observed in this study suggests that different AIIMBE-GaAs( 100) barrier heights in the literature 24 appear to depend on the nature of the initial surface. (2) The chemical stability of our (100) surface is consistent with a metal-insulator-semiconductor (MIS) model of the metal-/GaAs( 100) Schottky barrier formation proposed recently by Freeouf et al.,zs where the insulating layer is a stable, reconstructed surface layer. Such an insulating layer can at-tenuate away effects of metal-induced charge states on the E f stabilization. (3) The major electronic effects of slight surface misorientation suggest that considerable care must be exercised in comparing metallsemiconductor interfaces where step densities and the extent of misorientation are not well established.
V. CONCLUSIONS
We have demonstrated that a slight misorientation of the GaAs( 100) surface changes significantly the extent of the interfacial chemistry and the Schottky barrier height. The orientation-induced electrical and chemical modifications of the interface follow the trend of increasing densities of chemically active sites at the step edge. The nature of the chemically active site on the step edge also affects the degree of chemical reaction/diffusion at the interface. The self-consistent electrostatic model describes well the relationship between the barrier height-work function dependence and the density of the charged states at the interface. Our results highlight the key role of the chemistry and the perfection of the substrate surface in obtaining ideal metal/GaAs junction electronic barrier properties.
